[1] Using a chemical transport model simulating ozone concentrations in central California, we evaluate the effects of variables associated with future changes in climate and ozone precursor emissions, including (1) increasing temperature; (2) increasing atmospheric water vapor; (3) increasing biogenic VOC emissions due to temperature; (4) projected decreases in anthropogenic NOx, VOC, and CO emissions in California for 2050; and (5) the influence of changing ozone, CO, and methane at the western boundary. Climatic changes expected for temperature, atmospheric water vapor, and biogenic VOC emissions each individually cause a 1-5% increase in the daily peak ozone. Projected reductions in anthropogenic emissions of 10-50% in NOx and 50-70% in VOCs and CO have the greatest single effect, reducing ozone by 8-15% in urban areas. Changes to the chemical boundary conditions lead to ozone increases of 6% in the San Francisco Bay area and along the west coast but only 1-2% inland. Simulations combining climate effects predict that ozone will increase 3-10% in various regions of California. This increase is partly offset by projected future emissions reductions, and a combined climate and emissions simulation yields ozone reductions of 3-9% in the Central Valley and almost no net change in the San Francisco Bay area. We find that different portions of the model domain have widely varying sensitivity to climate parameters. In particular, the San Francisco Bay region is more strongly influenced by temperature changes than inland regions, indicating that air quality in this region may worsen under future climate regimes.
Introduction
[2] It is widely recognized that maintaining safe atmospheric levels of ozone, carbon monoxide (CO), nitrogen oxides (NO x ), particulate matter and other toxic chemicals depends on both emissions and meteorological conditions. Historically, studies have used projections of emissions and the historical database of meteorological conditions to estimate the effectiveness of emissions reduction policies. However, the policies aimed at reducing the negative impacts of ozone have not accounted for potential climate change [National Research Council, 1991] and recent work [Intergovernmental Panel on Climate Change (IPCC), 2001; Johnson et al., 1999; Mickley et al., 2004; Hogrefe et al., 2004; Leung and Gustafson, 2005] indicates that utilizing historical meteorological conditions to determine future air quality is no longer sufficient. By 2050, models project significant changes in global and regional climate, including increases in temperature and changes in the hydrological cycle that will affect the distribution of meteorological conditions. These changes are likely to impact the seasonal cycle by increasing the length and duration of stagnation events that can exacerbate air quality problems [Mickley et al., 2004; Leung and Gustafson, 2005] . In this study, we evaluate the relative contributions of several climate change parameters and projected emissions reductions on ozone. As a case study, we investigate how changing physical and chemical parameters influence ozone formation in central California during a 5-day summertime simulation, as well as the synergistic changes that can occur when considering several transformations at once.
[3] In the current climate, two major factors contribute to ozone formation in the troposphere. The first major factor is meteorological conditions such as temperature, atmospheric water vapor, and the presence of stagnant meteorological conditions that favor oxidant accumulation. The second is that of emissions, including local effects such as the magnitude and ratio of oxides of nitrogen (NOx = NO + NO 2 ) and volatile organic compound (VOC) emissions as well as that of global emissions due to intercontinental transport of ozone and its precursors [Jacob et al., 1999] .
[4] Future climate has the ability to impact both of these factors via changes in climatic conditions and their impact on surface emissions. Several studies have investigated this interaction using general circulation models (GCMs) to drive global tropospheric chemistry models. Larger globalscale studies such as Brasseur et al. [1998] and Prather et al. [2003] estimated that future global anthropogenic emissions increases alone would increase near-surface ozone concentrations. However, when changing climate occurs in conjunction with an increase in global anthropogenic emissions, Brasseur et al. [1998] and Johnson et al. [1999] estimate a slight decrease in surface ozone concentrations on the global scale. Changing climate can also influence surface emissions, particularly biogenic VOC emissions from vegetation. Sanderson et al. [2003] found that biogenic VOC emissions increase under future climate scenarios, contributing to an increase in surface ozone concentrations.
[5] However, the impacts on a regional scale are much more complex. Changes in temperature and atmospheric water vapor can increase peak ozone concentrations at the regional level [Sillman and Samson, 1995; Aw and Kleeman, 2003] . On a seasonal timescale, recent studies have found that changing climate can impact the frequency, length and duration of regional air quality events [Mickley et al., 2004; Leung and Gustafson, 2005] . Hogrefe et al. [2004] evaluated the relative contributions of climate change versus emissions over the eastern United States, and found that increased intercontinental transport had the greatest impact on the daily 8-hour maximum ozone concentration, but that future climate could have a greater impact than emissions changes on the fourth-highest summertime 8-hour ozone concentration.
[6] The impact of climate change on air quality is likely to vary greatly in different regions. California represents a unique opportunity to study these issues because of the diversity of its landscape and vegetation regimes as well as the distribution of natural and anthropogenic emissions. The impacts of air quality and climate change are also likely to be felt strongly in California, as approximately 1 in 7 United States residents currently live in California and its agricultural regions are some of the most productive in the nation. As of 2004, 35 out of California's 58 counties are designated nonattainment areas for the federal 8-hour ozone standard, with the vast majority of these areas being populated or agricultural regions [U.S. Environmental Protection Agency (USEPA), 2004]. Therefore air pollution in California is likely affecting more people and agricultural productivity than anywhere else in the United Sates. Furthermore, California population is growing rapidly, and is forecast to increase by approximately 60% between 2000 and 2050 [California Department of Finance, 2004] .
[7] Several studies have investigated how future climate scenarios would affect temperatures and precipitation in California. The region is considered to be particularly sensitive to climate change, as changes in precipitation and temperature could significantly affect water resources and agriculture. Using resolutions typical for global-scale models, Coquard et al. [2004] compared 15 different global climate model runs for a 2 Â CO 2 scenario and found an average increase of 2°-3°C over the western United States, with large variability between different models. Regional studies include a dynamically downscaled regional climate run by Snyder et al. [2002] , which found temperatures increased up to 3.8°C across California under a doubled CO 2 atmosphere. A statistically downscaled study by Hayhoe et al. [2004] used two different climate models and two different IPCC SRES scenarios and found temperature increases of 1°-3°C, depending on model, season and IPCC scenario. These studies reinforce the prediction that temperatures will increase in California on the order of a few degrees.
[8] In this study, we examine and compare the effects of regional climate change and future emissions scenarios on ozone formation. We place these two different forces in context by evaluating how changes in chemical composition and climate affect gas phase chemistry in central California. We utilize a three-dimensional model to investigate changes to chemical mechanisms for ozone-producing regimes common in urban and rural areas, allowing our results to indicate potential changes in Central California as well as other regions with similar ozone formation chemistry. While other studies have focused on the seasonal changes affecting the length and duration of ozone events [e.g., Leung and Gustafson, 2005; Mickley et al., 2004] , we focus here on the impacts of future climate and emissions on the chemical mechanisms occurring during a typical summertime ozone episode in California. We do not include particulate chemistry, though note that it is an important indicator of air quality and future climate is likely to have different impacts on the particulate phase than that of the gas phase [Aw and Kleeman, 2003] . Additionally, we do not include the impacts of future land cover changes or biomass burning, which can influence both gas-phase and particulate chemistry [e.g., Wotawa and Trainer, 2000] . Our future scenarios consider changes in temperature, absolute humidity, biogenic VOC emissions, anthropogenic emissions, and chemical boundary conditions. We investigate the effects of these parameters on ozone formation by varying them individually and collectively in order to gain insight into the mechanisms of the ozone formation.
Description of Model and Methodology

Model Description
[9] We use the Community Multiscale Air Quality model (CMAQ version 4.3) to perform a 5-day air quality simulation over northern California. CMAQ is a state-of-thescience, three-dimensional air quality model developed by the United States Environmental Protection Agency [Byun and Ching, 1999] . In this study, we focus on gas phase chemistry in order to understand the impact of future climate changes on ozone production. Gas phase chemistry is represented with SAPRC99 chemical mechanism [Carter, 2000] and the SMVGEAR chemical solver [Jacobson and Turco, 1994] . The only change to the chemical mechanism was the addition of methylbutenol (MBO) and its oxidation products, which include aldehydes, acetone, methyl ethyl ketone, formic acid and CO. MBO emissions from Western coniferous forests are an important biogenic emission with respect to air quality [Goldan et al., 1993; Lamanna and Goldstein, 1999] .
[10] Meteorological input to the model is provided by the MM5 meteorological model based on simulations performed for the Central California Ozone Study by J. Wilczak and coworkers (http://www.etl.noaa.gov/ programs/modeling/ccos/) from Saturday, 29 July to Wednesday, 2 August 2000. Under typical conditions, central California experiences the inflow of westerlies bringing clean marine air into the region. However, during this summertime ozone episode, a large high-pressure region over Utah and Colorado persisted for several days, creating an offshore pressure gradient that reduced incoming westerly flow and created stagnant conditions favorable to ozone production in the Central Valley [Fujita et al., 2001] .
[11] Lateral chemical boundary conditions are supplied to the model to represent the incoming transport of chemical species. We assume temporally constant values of ozone (30 ppb), carbon monoxide (80 ppb), methane (1700 ppb), NO (1 ppb), NO 2 (1 ppb), and a suite of anthropogenic VOCs (approximately 10 ppb). These concentrations are applied to each side of the model domain with constant vertical profile and we note that boundary conditions for NOx, in particular NO, are higher than observed over the Pacific [Talbot et al., 2003; Hudman et al., 2004] .
Model Domain
[12] Figure 1 shows the model domain, which is centered over central California. The model has a horizontal resolution of 4 km, with 96 grid cells in the east-west direction and 117 grid cells in the north-south direction covering approximately 34.5°N to 39°N and 118.5°W to 123°W. This includes the San Joaquin Valley, the San Francisco Bay area, the southern portion of the Sacramento Valley, and the Sierra Nevada mountain range to the east. There are 27 terrain-following vertical sigma layers from the surface to approximately 100 mb, where the first near-surface layer is approximately 20 m. The topography over the region varies widely, including portions of the low-lying Central Valley up to peaks over 3000 m. Average afternoon surface temperatures ( Figure 1a ) are displayed in conjunction with the complex topography of the region. Afternoon temperatures tend to follow elevation, indicating the strong influence of terrain on our model domain.
[13] Wind vectors in Figure 1b illustrate the average weekday afternoon surface flow based on modeled wind speeds and directions. Northwesterlies over the Pacific tend to run parallel to the coastline, with air moving inland through breaks in the mountain chains. During the daytime, marine air enters the inland portions of California through the Golden Gate and flows southward through the San Joaquin Valley. The wind vectors also show the influence of topography on air flow in the model domain. The coastal mountain chain extending from San Francisco southward to Santa Barbara tends to block incoming air, while the Sierras induce a daytime upslope flow as illustrated by the vectors which reverses to downslope flow during the nighttime (not shown). This indicates that air reaching the inland portions of the state tends to originate from marine air entering through openings in the coastal mountain chain. episode . The emission inventory was adjusted to reflect on-road and ambient measurements of pollutant emissions and their ratios, different activity patterns by time of day and day of week, gasoline versus diesel engines, and changes in activity and emissions that occurred between 1990 and 2000 Harley et al., 2005] . NOx emissions (shown in Figure 2 ) include mobile, point and area sources, and the majority of NOx emissions ($80%) in California are from mobile sources. Of the mobile fraction, slightly greater than half are due to diesel emissions and this fraction is expected in increase in the future [Harley et al., 2005] . The weekly NOx emission cycle with reductions on weekends is linked to the major role of diesel exhaust as a source of NOx. Carbon monoxide and anthropogenic VOC emissions are also emitted from point, area and mobile sources, though diesel engines are a minor source. As shown in Figure 2 , the highest CO and anthropogenic VOC concentrations are located near urban areas and high-volume transportation corridors. Carbon monoxide emissions tend to be primarily from mobile sources, while all three source types contribute roughly equally to anthropogenic VOC emissions.
Biogenic VOC Emissions
[15] Biogenic VOC emissions are organic compounds emitted naturally from vegetation. The flux of biogenic VOCs to the atmosphere is determined by the amount and type of biomass present, as well as the impact of environmental factors such as light and temperature. In this work, we include biogenic emissions of isoprene, monoterpenes, and MBO. Emissions are estimated hourly over the model domain using the BEIGIS modeling system [Scott and Benjamin, 2003] , which utilizes detailed land cover data and an extensive emission factor database for California. As shown in Figure 2 , the majority of biogenic VOC emissions occur in the forested regions of the model domain, particularly in the foothills of the Sierra Nevadas and in the coastal mountains. Isoprene emissions are the dominant daytime biogenic VOC, with large fluxes arising from oak trees in the Sierra Nevada foothills. Additionally, certain crops are emitters of monoterpenes, leading to sources of biogenic monoterpenes in the Central Valley.
[16] Isoprene and MBO emissions occur only in the presence of light, and they increase with solar radiation until a saturation point is reached. Additionally, they both increase exponentially with temperature up to approximately 35°-40°C, after which emissions decrease. In our model, monoterpene emissions increase exponentially temperature and are not dependent on light. These light and temperature effects are represented in the model using parameterizations developed by Guenther et al. [1995] .
Base Case Simulation
Base Case Ozone and Comparison to Observations
[17] Our base case simulation is a 5-day run over the central California model domain described in section 2, with a 5-day spin-up period. We present results for ozone at 1500 local time (LT), when most locations in the domain exhibit peak ozone concentrations. Because anthropogenic emissions vary greatly between weekdays and weekends, we consider the three weekdays (31 July through 2 August 2000) of the simulation when emissions are greatest. Additionally, concentrations are averaged over the first eleven vertical layers of the atmosphere, representing approximately 250 m above ground level. In the model, the highest ozone concentrations in the domain at 1500 LT occur to the south and east of the San Francisco Bay area (hereinafter referred to as ''the Bay area,'' which specifically refers to the regions with high ozone located in the southern portion of the Bay near San Jose and the eastern portion of the Bay in the vicinity of the Livermore Valley) and in the southern portion of the San Joaquin Valley (Figure 3a) , reaching concentrations of $100 ppb. These high-ozone regions are colocated with regions of high NOx and anthropogenic VOC emissions.
[18] We compare the modeled results for ozone with surface observations from stations throughout California. Observations at approximately 120 stations within the model domain are interpolated to recreate the observed spatial ozone distribution. The interpolation was performed using a 1/x 2 distance weighting and a radius of influence of 16 km. While the number of stations in the model domain is limited, this figure provides a picture of how the model reproduces the dominant spatial features of ozone concentrations. In the Bay area, the model over predicts concentrations in the city of San Francisco and the southern portion of the Bay near San Jose by about 30-40 ppb. In the model, this region of high ozone (>100 ppb) covers a large spatial area but with similar maxima to those of the observations. The model also produces ozone that is similar to measurements in the Central Valley.
[19] Observed ozone concentrations in the northern San Joaquin valley and areas upwind of Sacramento in the Sierra foothills are quite high (>90 ppb), while modeled concentrations are lower than the observed (60 -80 ppb). This could be due to the lack of a daytime upslope flow in the model carrying ozone and its precursors from the urban regions of Sacramento up to the foothills of the Sierra Nevada, or due to poorly modeled NOx and VOC emissions in this region. Additionally, ozone levels at coastal locations are larger than the observed concentrations, which average 20-30 ppb near Monterey Bay compared to 40-60 ppb in the simulations. Despite these differences in measured versus modeled ozone concentrations, the dominant features of the ozone maxima in the model are colocated with observed ozone maxima and for the most part, the model reproduces measured ozone concentrations.
Vertical Profiles
[20] Figure 4 shows the vertical profile of concentrations (1500 LT weekday average) for four locations in the model domain. In all cases, ozone concentrations decrease with decreasing height. In Sacramento, concentrations remain nearly constant throughout the boundary layer. In Fresno and the southern San Joaquin Valley, concentrations are well mixed in the first kilometer and then decrease more rapidly with increasing height. In the Bay area, concentrations decrease from the surface and throughout the boundary layer.
Base Case Chemistry
[21] In the following discussions, the photochemical mechanisms of ozone formation are key to understanding air quality over the region. In the troposphere, the majority of ozone is formed via NO 2 photolysis:
Ozone formed via this mechanism can be quickly regenerated to NO 2 , resulting in no net ozone formation:
However, if other atmospheric constituents such as CO and VOCs are present, they can participate in a catalytic cycle that oxidizes NO. In this cycle, VOCs, methane or CO are oxidized by the OH radical to form a suite of peroxy radicals (e.g., HO 2 , RO 2 ) that react with NO:
to generate more hydroxyl and peroxy radicals, NO 2 , and secondary VOCs such as aldehydes. This cycle is most often terminated via the self-reaction of peroxy radicals to form peroxides:
by reaction of OH with NO 2 to form nitric acid:
or by RO 2 with NO to form alkyl nitrates:
Reactions (6) - (9) remove radicals from the system and terminate ozone production. The rate of instantaneous ozone production is affected by the competition for HOx destruction via HOx-NOx reactions when NOx is high (e.g., reactions (8) and (9)) or HOx-HOx reactions when NOx is low (reactions (6) and (7)). When NOx concentrations are low, ozone production tends to increase with increasing NOx and is insensitive to changes in VOC concentrations, reflecting a NOx-sensitive environment. When NOx concentrations are high, ozone concentrations are insensitive to NOx and sensitive to changes in VOC concentrations, a regime known as NOx-saturated or VOCsensitive. The crossover point between these two regions depends on the amount and ratio of VOC and NOx as well as the production of HOx [Sillman et al., 1990; Sillman, 1995; Kleinman, 1994; Thornton et al., 2002] .
[22] Here we define HOx to include OH, HO 2 , RO 2 , HO 2 NO 2 , PAN peroxy precursors, and PANs, and P HOx represents the production of new HOx species. In the discussion that follows, ozone concentrations are integrated over the hour and represent an average concentration during this time period, which is more suitable to determine changes to a daily peak concentration of ozone. P HOx can provide insight into the changes in catalytic cycling leading to ozone production and determining the crossover point between NOx-sensitive and NOx-saturated regimes [Kleinman, 1986 [Kleinman, , 1994 Sillman et al., 1990; Sillman, 1995; Thornton et al., 2002] . Typically, HOx chain lengths (or the number of times the cycle proceeds before HOx is removed from the system) are about 3 -5 in the urban-influenced areas of our model domain ( Figure 3c ) and are estimated here by the ratio of chain propagation rates (OH + VOC) to chain termination rates (the formation of peroxides and nitric acid).
[23] We use two different markers to determine the chemical regimes in our model domain. The first ( Figure 5 ) compares the chemical formation rate of nitric acid via radical termination steps (indicating the dominance of NOx chemistry) with the formation of peroxides (VOC chemistry). In the Bay Area region as well as in the southern San Joaquin valley, HNO 3 production rates reach 3.5 ppb per hour and concentrations are approximately 5 ppb at the afternoon peak. This indicates the region in which radical chain termination is controlled by HOx-NOx reactions and is NOx-saturated (VOC limited). However, in the mountain regions, peroxide formation is strong indicating that HOxHOx termination dominates and the regime is NOx-limited.
[24] A second marker of the dominant chemistry regime can be determined by comparing changes in weekday and weekend ozone concentrations, which has been shown to be significant in California [Cleveland et al., 1974; Altschuler et al., 1995; . NOx emissions are about 30% greater throughout the domain on weekdays than on weekends, while VOC reactivity varies less than 10% profiles for these regions. At the Sacramento observation site, measured and modeled weekend ozone concentrations are typically higher than the weekday concentrations by approximately 10%, and there is good agreement between the measured and modeled weekday ozone. In the eastern portion of the San Francisco Bay in Livermore, peak weekend ozone concentrations are lower than the weekday values for both the measured and modeled ozone. This reflects the site's location in a portion of the domain where the model predicts that lowering NOx will lower ozone concentrations on the weekend. Both the Fresno and Bakersfield sites show regimes where measured and modeled weekend ozone concentrations tend to exceed weekday concentrations in the morning and late afternoon hours, indicating NOx-saturated regimes.
[25] Together, both markers provide information about the gradient of regimes across the spatial domain, which is important for the sensitivity results and is a key feature of atmospheric chemistry in central California. Understanding the coupling of the NOx regime to climate parameters should also help to understand how climate change would affect locations outside of California.
Sensitivity of Air Quality to Climate and Emissions
Temperature
[26] Under increasing greenhouse gas concentrations, the global mean temperature at the Earth's surface is expected to rise 2°-5°C on the basis of current SRES scenarios [IPCC, 2001] . To estimate a future increase in atmospheric temperatures in the model domain, we utilize a regional climate study by Snyder et al. [2002] . These simulations use a relatively high resolution model (40 km) to perform an ensemble of regional climate model runs to predict temperatures for two climate scenarios: a preindustrial case, or 1 Â CO 2 (280 ppm), and a future 2 Â CO 2 case (560 ppm). This represents an overcorrection for temperature, because present-day temperatures are greater than those at preindustrial CO 2 concentrations. However, the temperature perturbations predicted by Snyder et al. [2002] are con- sistent with the range of temperature projections by other studies using baseline temperatures from present climatology [e.g., Hayhoe et al., 2004; Coquard et al., 2004] . This modeling study predicts a range of temperature increases over the spatial domain, with increases of $1°C along the coast to >4°C in the Sierra Nevadas and the eastern portion of the domain (Figure 7a ). We use the average August temperature difference between these two simulations to estimate a future temperature increase in our model domain, and have added this temperature change to the MM5 meteorological output utilized by CMAQ. Therefore the temperature change is applied in an uncoupled manner and cannot affect other physical parameters such as wind speed, wind direction, or the boundary layer height. While increased temperatures can have a wide variety of impacts on both physical and chemical processes in the atmosphere, the only impact of temperature in this simulation is via the chemical kinetic reaction rate. Other temperature interactions, such as those that could alter emissions or other physical atmospheric properties are considered separately.
[27] When including the temperature increases described above (Figure 7a ), weekday afternoon ozone concentrations increase across the domain (Figure 7b ). Increases in ozone range from less than 1 ppb along the coast to up to 2 -4 ppb near urban areas. The greatest changes are noted in the regions with high anthropogenic emissions, such as the Bay area, Fresno, and regions downwind of Sacramento. The Bay area has the greatest magnitude of change, with increasing afternoon concentrations of 3 -5 ppb (approximately a 3% increase in ozone).
[28] Because the NOx and HOx cycles are tightly coupled, it is difficult to directly attribute changes in HOx and NOx to ozone production. Increasing temperature can affect the VOC + OH reactions depending on whether the reaction occurs because of OH addition or via H abstraction. Alkane + OH reactions occur by H abstraction, a process that increases exponentially with increasing temperature. In contrast, OH addition reactions occur with alkenes and the OH + NO 2 reaction, and these reaction rates tend to decrease with increasing temperature. In the urban areas where we see the greatest increase in ozone concentrations, anthropogenic emissions are the dominant source of alkanes causing a 3-4% increase in OH reactivity in this region due to an increase in OH + VOC reactions as well as OH + NO 2 reactions. Additionally, secondary formation of formaldehyde can also increase ozone concentrations. Formaldehyde is a secondary product of many VOC reactions with OH (e.g., reaction (4)) and is an effective ozone producer. Figure 7d shows the change in formaldehyde concentrations over the model domain. The greatest increases in formaldehyde concentrations are located in the same regions as ozone changes, confirming that formaldehyde reactions play an important role under increased temperature scenarios. In the Bay area, the contributions to increasing ozone include an increased HOx production, enabling P HOx and OH reactivity to each increase about 2 -3%.
[29] At the same time, increasing temperature can increase the decomposition of PANs, freeing up more NOx and HOx radicals for ozone-producing reactions. Past studies have found that increased temperature tends to decrease PANs while increasing NOx and HOx concentrations [Cardelino and Chameides, 1990; Sillman and Samson, 1995] . In the regions of simulated elevated ozone, the loss of PANs via thermal decomposition increases by about 10 -20%. At the same time, we see slight decreases in NOx concentrations and a $5% increase in the formation of nitric acid and organic nitrates. Thus the additional NOx from PAN decomposition is rapidly converted to more stable NOy reservoirs.
[30] In the regions of increasing ozone, the production of HOx increases approximately 0.1 -0.4 ppb per hour ($3.5% increase), with the greatest magnitude of HOx production colocated with that of the ozone increases. Assuming a HOx chain length of 4 and two ozone molecules produced per cycle, this increased source of HOx accounts for up to 3 ppb of the ozone increase. The temperature increase also increases the loss rate of PANs by approximately 1.2 -1.5 ppb per hour, which could also contribute to the increased HOx cycling. These two processes are closely coupled, and an increase in VOC reactivity and PAN decomposition are both likely to contribute to increased ozone formation.
Absolute Humidity
[31] Because warmer air has the capacity to hold more water vapor, one impact of increasing atmospheric temperatures could be an increase in atmospheric water vapor. In order to simulate a change in water vapor, we alter the amount of water vapor (q, or absolute humidity in kg H 2 O/ kg air) to reflect the temperature changes described in section 4.1. Keeping the relative humidity from the meteorological input constant, we recalculate q for the perturbed temperature [Wallace and Hobbs, 2006] . This new value for q is utilized in CMAQ as the amount of water vapor present in the atmosphere, and the spatial distribution of this change is shown in Figure 8a . Changes along the coast are smallest, reflecting the low temperature changes on Figure 7a . Absolute humidity increases with increasing temperature inland and along the foothills of the Sierra Nevada. On the eastern side of the Sierra Nevada Mountains, small increases in absolute humidity occur because of the arid conditions of this region despite large temperature perturbations.
[32] Under elevated atmospheric water vapor, ozone concentrations increase near high anthropogenic emission regions (Figure 8b ). The greatest changes occur in the Bay area (1 -3 ppb, 1 -3%), with enhancements of similar magnitude in and south of Sacramento. These ozone increases are due to amplified HOx production under elevated atmospheric moisture. Water reacts with O( 1 D) to form additional OH radicals, injecting more radicals into the HOx cycle and therefore increasing the production of new HOx (Figure 8c) . In regions where ozone concentrations are strongly amplified, there is also an increase in loss of VOC (Figure 8d) .
[33] In the Bay area, the additional radicals increase NOxHOx reactions, increasing the NO2 + OH reaction and forming nitric acid (not shown). At the same time, the loss of VOCs increases as well (Figure 8d ). In the Bay area, an increase in HOx radicals is more effective at increasing ozone than in Fresno, where NOx concentrations are lower and the region is not as NOx-saturated. In NOx-limited regions such as the eastern portion of the model domain and the Central Valley, ozone decreases slightly. HOx production increases throughout the Central Valley and into the foothills of the Sierras, yet low NOx allows these radicals to increase the production of peroxides (not shown). The increase in peroxides removes radicals from the system, causing a slight reduction of ozone in NOx-limited portions of the domain.
Biogenic VOC Emissions
[34] Isoprene and MBO emissions increase with increasing temperature until $37°C and then decrease with increasing temperature, while monoterpene emissions are exponentially dependent on temperature. Some biogenic VOCs such as isoprene and MBO are also dependent on the amount of incoming solar radiation. However, summertime is the dry season in California, with very little convective activity, large-scale frontal systems, and cloud cover. In the present climate, daily amounts of solar radiation reaching the surface show little variability, and we do not expect this forcing to change much during future summer seasons (excluding the impacts of future aerosol events). Thus, for biogenic VOCs a temperature change should capture most of the effects of a future climate in California.
[35] In this sensitivity test, we use the temperature increase described in section 4.1 (Figure 7a ) to drive the biogenic emissions model (as described in section 2.3.2). The result is an increase in biogenic emissions throughout the model domain (Figure 9a ). Biogenic emissions typically increase by 20-30%, with 30-45% increases in the high mountain elevations, consistent with the increasing temperature change from the coast to the mountains. On an absolute change basis, the greatest magnitude of emissions increases in biogenic emissions are generally where the emissions are the strongest, such as the oak tree band of isoprene emissions stretching from northwest to southeast in the Sierra Nevada foothills.
[36] The greatest impact on ozone from increasing biogenic VOC emissions occurs in the Bay area, where biogenic VOC emissions are modest (ranging from 2 to 6 mol/s per grid square at midday). Ozone in this region increases about 3 -5 ppb (approximately 3 -5%) and about 0 -2 ppb throughout the Central Valley, while ozone in the mountains decreases slightly (<1 ppb). Ozone increases are much more prominent in the Bay area than they are in other urban regions with similar baseline ozone concentrations and emissions. As with its response to the temperature and humidity perturbations, one of the reasons that the Bay area experiences larger ozone changes is an increase in HOx cycling in this NOx-saturated regime. This difference in regime is highlighted by the comparison of HNO 3 /peroxide chemistry shown in Figure 5 . In the Bay area, chain termination is strongly dominated by nitric acid formation, with very little formation of peroxides. In contrast, other high-ozone regions such the southern San Joaquin Valley exhibit both nitric acid formation and peroxide formation. Adding biogenic VOCs into the atmosphere in VOC-limited (NOx-saturated) regimes such as the Bay area enhances OH, RO 2 and ozone production. This increase in OH concentrations causes a decrease in NOx lifetimes and increases the production of O 3 per NOx emitted. Overall, these results indicate that a climate change induced increase in biogenic VOC emissions will have a strong influence in NOxsaturated (VOC-limited) urban locations, resulting in higher ozone. This is a result consistent with earlier analyses of correlating temperature and ozone in the Eastern United States [Sillman and Samson, 1995] . In rural areas, increased biogenic VOCs will result in a slight decrease in ozone because of reduced NOx concentrations from increased reactivity in the urban source areas. This decrease of incoming NOx leads to less NOx availability for ozone production in rural areas, resulting in more rapid peroxide chain termination. This is evident in the increase in the chemical production rate of peroxides in the Sierras, which is colocated with a slight decrease in ozone (Figure 9d ).
Anthropogenic Emissions in 2050
[37] In this simulation, anthropogenic NOx (here as NO + NO 2 ), CO and VOC emissions are projected to the year 2050. These predictions are derived for mobile, area and point sources for each air basin delineated within our model domain. Future projections are based on a combination of two factors: (1) increases in population growth that lead to increases in pollution-causing activities and (2) decreases in emissions factors due to advances in technology (Table 1) .
Here we assume 80% reductions in emission factors below present-day (2000) values. This implies an increase in overall control effectiveness from $90% to 98% for CO and VOC, and from $40% to 90% for NOx between the years 2000 and 2050.
[38] Population growth by air basin has been projected by county out to 2050 [California Department of Finance, 2004] . In general, increases in fuel usage that affect CO, VOC, and NOx emissions tend to follow that of population growth [USEPA, 2005] , therefore we use population as a proxy in estimating future fuel consumption. In Table 1 , VOC and CO emission scaling factors reflect both population growth and reduced emission factors. For NOx emission factors, diesel fuel usage has been growing approximately three times faster than gasoline [Harley et al., 2005] . We therefore estimate the effect of growth on NOx emissions will be twice that for the other pollutants, assuming that two thirds of the NOx emissions are attributed to diesel fuel usage (growing at a factor of 3) and one third of fuel usage is from gasoline emissions (growing at a factor of 1). Diesel engines are a minor source of CO and VOC. VOC and CO emissions decrease by 50-70% in the Central Valley, where population is expected to double by 2050 (Figure 10a ). In contrast, population growth is expected to increase by only 50% in the Bay area, leading to VOC and CO reductions of 70% from present-day emissions. NOx emission reductions are not as large (Figure 10b ). In the Central Valley, NOx decreases about 10-20%, while emissions along the coast decrease from 30 to 50%.
[39] Reductions in anthropogenic emissions have a larger impact on ozone compared to the other simulations. The greatest reductions in ozone concentrations occur in urban areas, with decreases of 15-20 ppb in the Bay area and surrounding Fresno (Figure 10c ). Throughout the southern San Joaquin Valley, decreases range from 5 to 10 ppb. We compare weekend and weekday ozone concentrations (Figure 10d ) and find that the overall spatial distributions of NOx-saturated versus NOx-limited regimes does not change significantly as compared to that of the base case simulation (Figure 3d ). This is expected in the Central Valley, as NOx emissions are only reduced 10 -20%, however significant reductions of NOx in the San Francisco Bay area of 40-50% do not convert the region from a dominantly NOx-saturated regime to one that is NOxlimited. This indicates that while the emissions reductions cause significant changes in ozone, there is not a shift in the dominant chemistry in our urban locations.
[40] This case represents the potentially large influence of emissions reductions in central California. Emission reductions in the Central Valley (NOx reductions of 10 -20% and VOC/CO reductions of 50-60%) decreased ozone throughout the region by 10-15%. Similarly, for the Bay area, where reductions in emissions were slightly greater than in the Central Valley, ozone was reduced by 15%. The sensitivity of ozone to VOC changes is evident by examining the change in VOC reactivity (Figure 10e ). In the Bay area, VOC reactivity slows by about 4 -5 ppb/hour in locations where ozone decreases about 16-20 ppb, indicating that VOC reactivity changes account for about one half of the ozone reductions.
Inflow Boundary Conditions
[41] In a limited area chemical transport model, concentrations of ozone and ozone precursors are specified at each of the model domain boundaries to represent inflow of pollutants. Rising anthropogenic emissions and the resulting formation of ozone over Asia and the North Pacific have already lead to an increase in ozone and its precursors transported into California, and Asian emissions are projected to increase in the coming decades [Jacob et al., 1999; Holloway et al., 2003; Goldstein et al., 2004; Parrish et al., 2004] . In the base case scenario, boundary conditions on all sides of the model domain are set at 30 ppb for ozone, 80 ppb for CO, 1.7 ppm for methane, 1 ppb for NO 2 , and 1 ppb for NO. The dominant airflow pattern into the model domain is incoming westerlies from the Pacific Ocean (Figure 1b ) therefore we focus on changes in concentrations along the western boundary of the model domain. In this simulation, we elevate the concentrations of CO, ozone and methane at the western boundary in order to estimate the impact of increasing pollutants from the western boundaries.
[42] To estimate future concentrations for this simulation, we scale current boundary condition concentrations to reflect future emissions and global concentrations. We base this projection on the A1B emission scenario of the IPCC report [IPCC, 2001] for CO and methane. In this future emissions scenario, CO emissions are expected to increase from 877 to 1214 Tg CO/year between 2000 and 2050, therefore we increase CO concentrations by roughly 30%, or from 80 to 104 ppb. For methane, concentrations are projected to increase to 2400 ppb in 2050, reflecting an increase of about 30%. Exceptions to the A1B projections include NOx and ozone. NO and NO 2 are held at values of 1 ppb as this already represents a large value for NOx entering the domain. We increased ozone concentrations from 30 ppb in the base case run to 40 ppb in the 2050 estimation, reflecting a 30% increase. This is larger than the 15% increase in background ozone concentrations predicted by the A1B scenario, and we roughly doubled the projected increase in order to investigate effects of both an increase in global background ozone concentrations and the specific potential for higher ozone reaching the Pacific Coast from increasing precursor emissions in Asia.
[43] The influence of the chemical boundary conditions depends on physical and chemical factors. Physical parameters such as proximity to the model boundary and dominant wind patterns can affect the ozone imported from the west. The dominant westerlies are typically blocked from moving inland by the mountain chains along the California coast, although air can reach inland through one of several gateways that occur at breaks in the coastal mountain ranges. Modeled chemistry also influences the spatial distribution of ozone. In this simulation, OH concentrations are high (afternoon average OH concentrations range from 2 Â 10 6 molecules/cm 3 in rural areas to 1 -2 Â 10 7 near highemission regions and the model boundaries) and the chemistry in the region progresses at a relatively fast rate. Figure 11c shows the base case rate of production of Ox species (defined as Ox = O 3 + NO 2 + O( 3 P) + O( 1 D) + HO 2 NO 2 + 2*NO 3 + 3*N 2 O 5 + PANs), indicating the high rates of production along the western boundary and near high-emission regions. Ozone lifetimes are estimated to be in the range of 3 -8 hours. Therefore local chemistry is occurring quickly and there is limited memory of the boundary conditions. For gasoline emissions, fuel use growth is expected to follow the population growth factor, therefore VOC and CO emission factors are equal to the population growth factor times 0.2. More rapid growth in diesel fuel usage is assumed, leading to smaller reductions in NOx emissions (see text). [44] Figure 11 illustrates the average weekday change in ozone concentrations and HOx production between this simulation and the base case. As air moves from the western border to the coastline, high OH concentrations and fast chemistry lead to the increased chemical loss of Ox (Figure 11d ). Ozone concentrations in the San Francisco Bay area increase up to 7 ppb, partly because of increased transport from the boundary and partly because of an increase in local chemical production from the increase in HOx radicals and accelerated chemistry. The chemical production is calculated to contribute approximately 2 ppb to the total ozone change in this region. Air also moves inland via the break in the coastal mountain chain in the Monterey Bay region, causing ozone concentrations to increase up to 6 ppb in this area with a negligible increase in local chemical production. The extent of the boundary condition influence continues to decrease as air moves eastward in the model domain. Air moving through the San Francisco Bay area penetrates into the Central Valley, where it is then transported north into the Sacramento Valley and south into the San Joaquin Valley, depending on the airflow. Ozone in the Central Valley increases by about 1 -2 ppb when averaged over the three simulated weekdays. In the Sierra Nevada, ozone increases are slight (<1 ppb), indicating that the impact on the rest of the model domain is minimal. The influence of the western boundary is not significant in the urban regions of Sacramento and Fresno, as a chemical loss of ozone removes the impact of the western boundary as air is transported inland (i.e., chemical loss rates > transport rates).
[45] An important caveat to this simulation is the dominant meteorological conditions during the simulation. As discussed in section 2.1, a large high-pressure region controlled circulation patterns during the simulation period and reduced the amount of westerly flow and clean marine air entering the Central Valley, a situation conducive to producing high ozone. During situations with stronger westerly flow it is possible that the boundary conditions would propagate further into the domain, however we expect a stronger influence of the boundary to be coupled with lower ozone overall. For example, Jacob et al.
[1993] Figure 11 . Inflow boundary condition, 1500 LT weekday average. (a) Changes in ozone concentrations (ppb), (b) changes in HOx production (ppb/hr), (c) the base case gross Ox production rate (ppb/hr), and (d) the change in the Ox loss rate (ppb/hr).
calculate that US-produced ozone is important to average ozone concentrations in Europe, but that it made a much smaller contribution during stagnation events that lead to local ozone production.
Combined Simulations
[46] For the combined simulations, we display the average ozone change for two scenarios (Figure 12 ). In the first simulation (or ''combined climate'' scenario), we combine three individual climate-only changes: the temperature change (section 4.1), the absolute humidity change (section 4.2), and the biogenic VOC emissions change (section 4.2). The second simulation (or ''climate and emissions'' scenario) accounts for both climate change and anthropogenic influences, including the five previous effects in one simulation: temperature, absolute humidity, biogenic VOC emissions change, anthropogenic emissions reductions in 2050 (section 4.4), and changes to the western boundary condition (section 4.5). Because this is not a fully coupled chemistry-climate run, other synergistic effects resulting from future temperature (changes in wind parameters, boundary layer height, and cloud formation) are not included in these simulations.
[47] In the combined climate simulation, the impact of temperature is allowed to influence the chemical kinetic rates, specific humidity and the emission of biogenic VOCs. This causes a substantial increase of up to 10 ppb ozone in the Bay Area and near other locations of high emissions (Figure 12a ). In accordance with the biogenic VOC simulation, there are slight depressions in ozone in rural regions where biogenic VOC reactivity dominates. In the climate and emissions simulation, the reduction of anthropogenic emissions and the influence of the western boundary condition dominate the changes in ozone concentrations (Figure 12b ). Ozone is reduced throughout the inland areas. For example, average ozone concentrations in the southern San Joaquin Valley are reduced by up to 10 ppb, because of the strong influence of reductions in anthropogenic emissions. However, the influence of boundary conditions is the dominant feature in coastal regions, particularly the San Francisco Bay area, where ozone increases by about 6 -8 ppb.
Discussion
[48] In order to compare the relative impacts of the climate and emission changes described in section 4, we examine three regions in central California: Sacramento, Fresno, and the area to the south and east of San Francisco Bay (outlined in Figure 12b ). We focus on these regions because they (1) have high ozone concentrations in our base case episode, (2) have a history of ozone exceedance events, and (3) exhibit different regimes along the NOx-limited/ NOx-saturated continuum. In the San Joaquin Valley air basin where Fresno is located, there are typically over 100 exceedances of the 1-hour ozone national and state standard each year, with a similar number of exceedances of the 8-hour national average. The frequency of high-ozone days in the Central Valley is already very high, so this region is not likely to be strongly impacted by changes in Figure 12 . Ozone concentration change from combined simulations, 1500 LT weekday average for (a) combined climate parameters (temperature, humidity, and biogenic VOC emissions) and (b) climate and emission parameters (temperature, humidity, biogenic VOC emissions, boundary conditions, and anthropogenic emissions). Boxes represent the regional averages for Sacramento, Fresno, and the eastern portion of the San Francisco Bay. the frequency of stagnation events. In the Sacramento area from the year 2000 to present, the number of exceedance days range from 35 to 60 days per year for the state 1-hour average of 90 ppb, and 25 to 45 days per year for the national 8-hour standard (80 ppb). In the San Francisco Bay area, there are typically less than 20 days per year where the 1-hour state average is exceeded and less than 10 days per year that exceed the national 8-hour average [California Air Resources Board, 2005] . The Bay area is not a region typically associated with high ozone in California, however, this work indicates that it may be particularly sensitive to future climate and anthropogenic emissions changes. These three regions tend to have varying amounts of primary emissions, with the greatest NOx emissions occurring in the Bay Area, followed by Sacramento and then Fresno. Typically, Fresno NOx concentrations are approximately half of those in the Bay area.
[49] Figure 13 compares the percent change in ozone for the three selected regions and each of the seven simulations: temperature, absolute humidity, biogenic VOC emissions, anthropogenic emissions, chemical boundary conditions, and the two combined simulations (the combined climate and the total combined simulations). In each case, we calculate the percent change in ozone as compared to the base case simulation, averaged spatially over all of the grid points within the selected region and temporally by averaging the three weekday maximum concentrations (occurring at 1500 LT). Overall, we see that in all regions the climate change perturbation runs (temperature, absolute humidity, and increases in biogenic VOC emissions resulting from temperature changes) tend to be similar (1 -5% change), where the specific humidity perturbation has the smallest impact, followed by a greater impact of temperature, and an even larger change in ozone for the biogenic VOC case. In each simulation, there is a 1 -2% larger effect in the Bay area for every component of the climate perturbation. Our projected anthropogenic emission reductions are responsible for a larger ozone change than any other individual component of the future scenario and typically result in an 8 -14% reduction in ozone. Figure 13 and the following discussion are ordered from relatively low to high NOx regions, where Fresno has the lowest average daytime NOx concentrations and the Bay area has the highest.
[50] In the San Joaquin Valley, ozone in the city of Fresno is slightly affected by climate change. Absolute humidity leads to a slight decrease in ozone (À0.2%), while temperature and biogenic VOC effects each lead to a 1.5 -2% increase in ozone. As this region is situated further inland, the western boundary condition changes cause only a 1% increase in ozone. In contrast, emissions reductions have a large effect, reducing the daily ozone maximum by about Figure 13 . Weekday 1500 LT percent change in weekday maximum ozone concentration, based on spatial averages for three regions: Fresno, Sacramento, and the Bay area. Positive values represent concentrations that are greater in the perturbed case than the base case. The ''combined climate'' simulation includes the temperature, humidity and biogenic VOC changes. The ''climate + emissions'' simulation includes temperature, humidity, biogenic VOC, 2050 anthropogenic emissions, and boundary condition changes.
14%. The combined effect of these climate perturbations (T, q and biogenic VOC simulations) results in a 3% increase in ozone, while the total combined simulation resulted in a 10% decrease in ozone. This indicates that the impacts of climate change in this region are not as significant as projected emissions reductions.
[51] In Sacramento, temperature effects on reaction rates alone cause a 2% increase in ozone, with lesser changes due to relative humidity ($1%) and biogenic VOC emissions ($1.5%). Changes at the western boundary have a similar effect on ozone, causing a 2% increase. In this case, Sacramento is slightly influenced by the western boundary as air from San Francisco Bay is transported to Sacramento. However, the greatest impact in Sacramento is the 8% reduction in the daily ozone maximum due to anthropogenic emissions reductions. This reduction in ozone due to the anthropogenic emissions reductions carries through to the combined run, with an enhancement of the effect in the combined run. In the combined climate run, ozone increases almost 5% while this change is mitigated by anthropogenic emissions reductions in the climate and emissions simulation, yielding an overall ozone decrease of 3%.
[52] Points to the south and east of San Francisco Bay are more sensitive to expected climate changes than the two regions discussed above. Here, ozone responds more strongly to increases of temperature and biogenic VOCs (3 -5% increase each) because the region is NOx-saturated. Additionally, the Bay area is particularly sensitive to inflow boundary conditions because of its proximity to the ocean. Projected anthropogenic emissions reductions are also more effective in the Bay area than other regions, reducing maximum daily ozone concentrations by about 13%. The combined climate effects run results in nearly a 10% increase in ozone, indicating that climate change effects alone will have a strong impact on daily maximum ozone concentrations. Aggressive local emissions reductions in the climate and emissions simulation counteract this change, but in effect lead to no net change in ozone. This indicates that significant anthropogenic emission reductions in the region will be essential to mitigate the consequence of climate change on air quality and illustrates the limitations of local control strategies.
[53] Another approach to evaluate the response of ozone to changing climate is to normalize ozone changes to changes in temperature (Figure 14) . Three of our individual perturbation simulations and one combined simulation are driven solely by a change in temperature: (1) the temperature case, where reaction rates change as a function of temperature; (2) absolute humidity, where an increase in atmospheric moisture occurs as a function of temperature increase; and (3) biogenic VOC emissions, where temperature causes an increase in these natural emissions and (4) the combined climate simulation including these three temperature impacts. For the same three geographic regions, we compare the change in ozone per change in temperature (similarly, averaged spatially over each region and temporally over the three weekday maximum). The average 1500 LT temperature increase is 2.4°C in Fresno and Sacramento and 2.1°C in the Bay area. The sensitivity of ozone to temperature in the Bay area is relatively large compared to the other regions. For each of the three individual scenarios, ozone in the Bay area increases about 0.5-2 ppb per degree increase in temperature. In contrast, Sacramento and Fresno see more modest increases on the Figure 14 . Normalized change in ozone (ppb) per degree temperature at 1500 LT. Each case represents the same temperature change for each region: Fresno DT = 2.39°C, Sacramento DT = 2.44°C, and the Bay area DT = 2.08°C. order of 0.2-0.7 ppb, with a slight decrease in Fresno for the specific humidity case. In the case of the increase in temperature and absolute humidity runs, impacts of temperature in the Bay area are double those on Sacramento and Fresno. In the biogenic VOC case, the impacts in the Bay area are triple those in the other regions. The sensitivities of the three regions order with NOx emissions and VOC/NOx ratios (the average weekday 1500 LT VOC/NOx ratio for the Bay area is 1.8, with a value of 2 in Sacramento and 5 in Fresno). In the combined climate simulation, ozone increases about 1 ppb per degree temperature in Sacramento and Fresno, and 4 ppb per degree temperature in the Bay Area, indicating a much stronger combined response to temperature.
[54] In order to examine if modeled sensitivities to temperature are similar to those observed in California, we examine the observed ozone record during the summer of 2000. Ground-based observations from a site within each region (Fresno, Sacramento, and Livermore in the Bay Area) illustrate the seasonal relationship between the daily maximum temperature and daily maximum ozone concentration (Figure 15, left) , where slopes are determined using a least squares regression. Fresno exhibits the greatest sensitivity of ozone to temperature, followed by the Livermore site in the Bay Area and the Sacramento site. Modeled relationships for the 5-day base case simulation are shown in Figure 15 (right) for grid cells that match the observation locations with the observed least squares regression. While we do not have enough data from the 5-day simulation for a complete comparison, the observed relationships indicate that the model may be underestimating the temperature sensitivity in some regions. This may be true particularly in the San Joaquin Valley, although a seasonal simulation could provide more insight into the relationships between temperature and ozone in the model.
[55] There is a large degree of uncertainty implicit in future predictions of emissions and climate. Future climate scenarios can create an array of temperature perturbations with a wide range of impacts and synergistic effects on modeled air quality. Future emissions scenarios are dependent upon global and regional emission reductions policies, and different scenarios could change VOC/NOx ratios with varying impacts on ozone. The boundary condition simulation indicates that the western coast of the United States will also be susceptible to impacts from intercontinental transport, and there is a large amount of uncertainty in the upwind concentrations of precursor emissions and the evolution of plumes across the Pacific due to the complex interplay of growing population and changing policies in Asia. Additionally, there is still uncertainty with respect to the prediction of present-day ozone and the effectiveness of air quality models for this purpose as indicated by the discrepancies between measured and modeled ozone sensitivities. In this study, we use the model to represent a single ozone episode in central California, and the outcomes may vary slightly depending on the type of ozone event present. However, despite the model limitations, the scenarios selected in this study examine several possible outcomes of future emission and climate scenarios and provide insight into the regional gas phase chemistry and chemical mechanisms for a range of scenarios. These results represent likely mechanisms for the interactions of atmospheric chemistry and climate in California's future. Additionally, these results can be applied to other geographic regions with similar baseline chemistry. For example, ozone changes and temperature sensitivities (Figures 13 and 14) can be applied to other urban regions with similar VOC/NOx emission ratios and ozone chemistry and may be useful in determining effective emission reductions policies.
Conclusions
[56] In this study, we evaluated the impact of individual physical and chemical perturbations on ozone formation in central California. We find that changes in climate variables, including temperature and atmospheric moisture, cause increases to peak ozone concentrations on the order of a few ppb. Climatically influenced biogenic emissions cause ozone increases of a similar magnitude. Other chemical changes, such as the increase of concentrations at the western boundary, can cause greater changes in ozone depending on proximity to the boundary and other geographic features, e.g., the strong impact on the San Francisco Bay area. We predict reductions in anthropogenic emissions in 2050 on the basis of assumptions regarding future technologies and growth, setting an aggressive target for air quality control regulatory policies. These reductions lead to ozone decreases of 10-20 ppb in urban areas and represent the greatest single potential impact on ozone concentrations. NOx reductions of 10-20% are not large enough to be effective at ozone reduction, but VOC and CO emission reductions in NOxsaturated regions are effective at reducing ozone. In fact, because of the nonlinearities, these small NOx reductions likely offset some of the benefit of VOC reductions.
[57] When evaluating the combined effects of these perturbations, we find that the overall impact varies greatly by region with strong correlation to NOx concentrations and proximity to the coastline. This modeling study indicates that regions such as the San Francisco Bay area are more sensitive than others to climate change, and climate change impacts are likely to negate many of the benefits of projected emissions reductions. However, in the Central Valley, anthropogenic emissions reductions are predicted to be effective, despite a slight decrease in their efficacy due to climatic changes. These results indicate that the benefits of aggressive emissions reductions will be overstated if climatic changes are not accounted for in projections. Figure 15 . Observed and modeled relationships between ozone and temperature. (left) Observed relationship between ozone and temperature at three sites in the delineated regions (Livermore in the Bay Area, Sacramento, and Fresno), using the daily maximum temperature and ozone measurements from the entire 2000 ozone season (1 July to 1 October). (right) Modeled relationship between the daily maximum surface ozone and temperature for the 5-day base case simulation for the grid cell of each measurement location. Circles represent daily maxima for observed or modeled data, and the line displays the least squares regression for the observed data.
[58] Finally, this study indicates that geographic regions of concern with respect to air quality may shift in the future. In central California, current efforts to improve air quality are mainly focused on the Central Valley. In the future, the San Francisco Bay area may be particularly sensitive to climate change despite strong reductions in anthropogenic emissions. In this region, the severity and frequency of ozone episodes may increase, causing more annual ozone exceedances. These results indicate that the challenge of predicting future air quality will include understanding the balance between anthropogenic emissions reductions and the impact of climate change.
